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The majority of observations and theoretical analysis of the endothelial barrier has focused on the microvasculature, given that nutrient and waste product exchange between blood and tissue is the major function of this portion of the vascular bed (28) . Hyperglycemia is a known culprit of microvascular hyperpermeability (19, 36) and is thought to damage the glycocalyx overlaying the endothelium. Thus, hyperglycemia contributes to increased solute and volume flux (J v ) in the microvessels (11, 31, 32, 43) . Endothelial glycocalyx dysfunction has also been implicated in the atherothrombotic process (33) .
The risk of atherosclerosis is higher in conduit arteries with the presence of hypertension, hypercholesterolemia, and hyperglycemia (38) . Endothelial cell (EC) dysfunction, including a decrease in endothelial nitric oxide production and an increase in oxidative stress, inflammation, adhesive molecular activation, and endothelial barrier dysfunction, have been identified as landmark features of atherogenesis (10, 33, 47) . Therefore, an understanding of endothelial barrier function in conduit arteries is essential to understanding the pathogenesis of atherosclerosis.
Endothelial barrier function in conduit arteries also affects the delivery of substrates and regulators of vascular smooth muscle function, i.e., nutrients must pass through the glycocalyx and ECs to reach target vascular cells. The vessel barrier to volume and solutes is a composite structure consisting of ECs with the glycocalyx at the surface, the basement membrane below, and surrounding contractile cells (pericytes in the capillaries to vascular smooth muscle cells in other vessel types). Thus, the resistance to flux offered by the endothelium is the sum of serial glycocalyx and EC resistances to solutes (e.g., plasma proteins) and solution (water) (13) . L p is an index of the barrier leakiness to water (12) .
In this study, we introduce an isovolumic method to quantify L p (J v of water) of the vascular wall (21) . L p of the endothelial barrier of arteries was calculated by measuring the L p of intact and endothelium-denuded vessels, respectively. Since atherosclerosis occurs more frequently in diabetes, we also tested the hypothesis that conduit vessel L p is higher in type 2 diabetes mellitus (DM2).
MATERIALS AND METHODS
Animal experiments were performed in accordance with the guidelines of the Institute of Laboratory Animal Research Guide, Public Health Service Policy, and Animal Welfare Act. Protocols were approved by the Institutional Animal Care and Use Committee of the Indiana University School of Medicine.
Animal and tissue preparation. To establish the method, 12 Duroc swine (both sexes) at 5 mo of age weighing 51 Ϯ 9 kg were obtained from Michigan State University and housed at the Indiana University School of Medicine facilities (Laboratory Animal Resource Center). In conjunction, 18 male Wistar rats were obtained at 12 wk of age with a body weight of 386 Ϯ 18 g (Charles River; Laboratories International). To test the hypothesis that diabetes induces an increase in Lp of a conduit artery, six male Zucker diabetic fatty (ZDF) rats and six male Zucker lean (ZL) rats were obatined at 18 wk of age with a body weight of 439 Ϯ 26 g (ZDF) and 413 Ϯ 22 g (ZL) (Charles River; Laboratories International) and used in the study. The degree of hyperlycemia in ZDF rats has been verifed in our previous study (22) . All animals were acclimated to the facility for ϳ1 wk before the start of the study.
On the day of experimentation, pigs were anesthetized with telazol (10 mg/kg), ketamine (5 mg/kg) and xylazine (5 mg/kg), maintained with isoflurane (1-2%), and euthanized by overanesthesia with pentobarbital sodium (150 mg/kg iv). Rats were first anesthetized with pentobarbital sodium (50 mg/kg ip) and euthanized by overanesthesia with pentobarbital sodium (150 mg/kg ip). Swine carotid arteries (n ϭ 9) and right coronary arteries (n ϭ 8) were harvested. Either aortas (n ϭ 8), common femoral arteries (n ϭ 10), or mesenteric arteries (n ϭ 9) of Wistar rats were excised. The femoral arteries of either ZDF (n ϭ 9) or ZL (n ϭ 7) rats were harvested similarly. All arterial segments were immediately placed in ice-cold physiological saline solution [PSS; containing (in mmol/l) 119 NaCl, 4.6 KCl, 0.15 NaHPO 4, 0.4 KH2PO4, 20 HEPES acid, 1 NaHCO3, 1 MgSO4, 1.2 CaCl 2, and 5.5 glucose; pH 7.4]. Each artery was carefully cleaned from the adjacent tissue with the aid of a stereomicroscope. The artery was allowed to warm up to room temperature (22°C) slowly over a 10-to 15-min period, and the branches on the artery were ligated. The arterial segment (length varied from 8 to 15 folds of the diameter) was transferred to the chamber of isovolumic system, and the segment was cannulated on connectors and tied with 8-0 suture twice to avoid leaks, which were detected using blue dextran (dextran molecular mass: ϳ2,000 kDa with blue color, no. D5751-1G, Sigma-Aldrich). The artery was then warmed to 37°C over a 20-to 25-min period and equilibrated for 40 min at a transmural pressure of ϳ10 mmHg before the start of the experimental protocol.
Volume of filteration across the vessel wall. Our system consisted of a chamber, a solid-state pressure transducer (SPR-524, Microtip catherter transducer, Millar Instruments), a four-way connector, a gas-tight microsyringe (National Scientific) operated by a linear pump (UltraMicroPump III, World Precision Instruments) and a controller (Micro 4, World Precision Instruments), and a screw-secure clamp assembled together, as shown in Fig. 1 . Free fatty acid BSA was obtained from Sigma (A4378) and dialyzed to obtain ␥-globulin-free albumin (15) . PSS or PSS-BSA (10 mg/ml) was aerated with mixed gas (room air with 5% CO2) and filled the chamber (superfusate) and tubes (perfusate). A charge-coupled device camera on a microscope transfered the image of the vessel to a computer, which digitized the external diameter of the nontransparent vessel wall while the internal diameter was calculated using the incompressibility assumption (21) . The vessel segment was pressurized to the desired pressure. The clamp was closed until the vessel tone was stable, which typically occurred in 10 -20 min. The hydrostatic pressure is the driving force for the "transport" of Jv across the vessel wall, which results in a loss of internal fluid volume and, consquently, a gradual decrease in transluminal pressure. The gas-tight microsyringe was used to inject an equal volume of PSS in the lumen of the vessel to maintain constant pressure (variation less than Ϯ0.2 mmHg/min). At constant tone, the injection volume rate (called the compensatory rate) provides Jv of water across the vessel wall. In addition to the filtration of the vessel wall, a small leak may exist despite the gas-tight connections that may be too small to be detected by blue dextran. To evaluate the small leak of the system, an impermeable silicone rubber tube (instead of the blood vessel) was mounted in the chamber, and the leak rate was measured at various pressures. Thus, the Jv of water across the vessel wall was equal to the compensatory rate of the blood vessel minus the systemic leak rate at equivalent pressure. A baseline vessel tone is important to establish an accurate filtration. In our experiments, a vasoconstriction or vasorelaxation resulted in either a sharp increase or decrease in pressure, respectively. Vasoconstriction caused an increase in pressure, which was in contrast to the filtration-induced decrease in pressure. Vasorelaxation caused a sharp decrease in pressure, which required a much larger compensatory rate (10 Ϫ3 -10 Ϫ1 cm 3 /min), in contrast to ϳ10 Ϫ4 cm 3 /min for filtration. We differentiated between filtration and leakage (wall damage) by either the extent of the compensatory rate or blue dextran. Leakage due to damage of the vessel wall resulted in a large compensatory rate (Ͼ3 ϫ 10 Ϫ2 cm 3 /min) or blue dextran out of the vessel wall. Such vessels were excluded from analysis (1 of 10 vessels).
To compare the isovolumic method with the current method to measure the J v of water, a parallel capillary (a stiff, thick-walled plastic tube with an inner diameter of 0.0508 cm) was connected to the microsyringe-transduser unit in the isovolumic system. An air bubble was introduced into the capillary, and the travel velocity of the bubble was measured during vessel wall filtration under a given transmural pressure. The J v measured by the air bubble velocity (J v air ) was compared with that of the isovolumic method (J v iso ) to determine the agreement between the two methods. The two methods were also verified by observing the air bubble movement during microsyringe compensation when the vessel segment was simultaneously exposed to the capillary (air bubble velocity method) and microsyringe (isovolumic method). The air bubble did not move when the microsyringe compensation was equal to the J v water across the vessel wall.
Starling's law. Fluid movement in the microvessel is described by Starling's law as follows (12, 44) :
where Jv is the volume flux across the vessel wall (ϫ10 Ϫ6 cm 3 /s), Lp is the hydraulic conductivity (in cm·s Ϫ1 ·cmH2O Ϫ1 ) of the intact vessel wall, and S is the luminal surface area (ϫ10 Ϫ2 cm 2 ), which was calculated using an incompressibility assumption of the vessel wall. ⌬P and ⌬ are the hydraulic and oncotic pressure differences between the vascular and tissue space, respectively, and is the osmotic reflection coefficient (unitless). In the present study, we provided the same physiological solution internal and external to the vessel. Therefore, ⌬ was equal to zero. Given the layered structure of the vessel wall, total ⌬ ϭ 0 does not guarantee equality of osmolarity at each filtration barrier, albeit the difference of osmolarity at each layer should be small when the total equals 0. Therefore, we neglected the difference of ⌬ at each barrier of the blood vessel wall. For conduit arteries, the media and adventitia are thicker (over 10 times the wall thickness of arterioles) than those in the microvessel and form a significant barrier to the J v of water across the wall. We used L p E and L p MA to indicate endothelial and medial-adventitial Lp, respectively. Lp for the intact vessel may be subdivided between the series components of L p E and L p MA by the following equation (13, 45, 49) :
Hence, L p E can be calculated from intact Lp and L p MA . The endothelial barrier presents a multicomponent barrier for Jv and solute flux, having both a glycocalyx in series with the endothelium and the associated basement membrane. The hydraulic resistance of the endothelial barrier (R E ) is the sum of the hydraulic resistance of the glycocalyx (R Glyco ) as well as the EC and basement membrane (R EC ), as follows:
Since the product of hydraulic resistance and conductivity is equal to 1, we can obtain the following:
Experimental protocol. Systemic leak rates were measured at pressures ranging from 0 to 180 mmHg before the vessel segment was mounted in the chamber. The perfusate and bath solution (superfusate) were PSS-BSA. After the vessel segment was pressurized at 10 mmHg and the temperature of the chamber was increased gradually from 22 to 37°C, a 40-min equilibration period was initiated. At this point, the compensatory rates and diameters of the vessel segment were measured at various pressures. In the arteries of diabetic rats, the segments were incubated with the myosin light chain kinase (MLCK) inhibitor 1-(5-iodonaphthalene-1-sulfonyl)homopiperazine (ML-7; 10 -7 mol/l, Sigma) for 10 min (51). In one set of experiments, the contribution of the glycocalyx (R Glyco ) was assessed by replacing PSS-BSA with PSS (both perfusate and superfusate) (17, 37) , which was then infused into the segment for 15 min at 10 mmHg. Compensatory rates of the vessel segment in PSS were measured at various pressures. Vessel segments were disconnected from connectors, and the endothelium was denuded with a wire (diameter range of 0.25-5.2 mm) using a previously validated protocol (23) to determine the contribution of R EC . Vessel segments were then reconnected to the connectors by the same standardized procedure as the intact vessel, and compensatory rates of the vessel segments in PSS-BSA were measured at various pressures. Vessel segments were then contracted using PSS-BSA with 60 mM KCl. At the vessel contraction induced by 60 mmol/l KCl, the compensatory rates of the vessel segments were measured over a range of pressures. PSS-BSA with 60 mM KCl was drained, and the vessel segments were rinsed three times using PSS-BSA. Ca 2ϩ -free PSS-BSA was introduced in the chamber to relax the vessel segments, and compensatory rates were measured one final time over the same pressure range during a steady relaxation period.
Data analysis and statistics. Data are expressed as means Ϯ SD unless otherwise stated. The relation of J v iso and J v air was expressed as follows: J v iso ϭ ␣ J v air ϩ ␤, where ␣ and ␤ are empirical constants that were determined with a linear least-squares fit along with the corresponding correlation coefficient (R 2 ). In a Bland-Altman scatter dia- 
RESULTS
The femoral arteries of Wistar rats were used to validate the methodology for the determination of L p . Figure 2A shows the rationale for determining the J v of a segment of a femoral artery at physiological pressure. When the clamp was closed, various compensatory rates were applied to determine the correct flow to maintain a constant pressure in the system. For this vessel, a rate of 140 ϫ 10 Ϫ6 cm 3 /min was found to maintain the pressure constant at 82.9 mmHg (where 130 ϫ 10 Ϫ6 cm 3 /min was too low and 190 ϫ 10 Ϫ6 cm 3 /min was too high). The diameter of the segment did not change during the adjustment period of the compensatory rate (Fig. 2B) . Constant diameter is the signature of a stabilized vessel tone. This procedure was carried out for each vessel segment. The repeatability of the isovolumic method was verified by five repeated measurements under the same conditions, and the difference of L p over the five measurements was Ͻ5%. Figure 3A shows the correlation of J v based on isovolumic and air bubble methods. The linear least-squares fit showed a highly significant correlation (R 2 ϭ 0.988) corresponding nearly to an identity line. A Bland-Altman plot is shown in Fig.  3B (average of two measurements vs. ratio difference), and the data scattered randomly within 2 SD of the mean of the ratio difference (i.e., no significant bias), which indicates the percentage of the variation. The root mean square was 12.3% of the mean value of the two methods. This analysis shows that the isovolumic method is an accurate surrogate of J v measured using the air bubble method, which has been a classic method (1, 7, 45, 49) for the assessment of filtration across the walls of large vessels. The movement of the air bubble in the capillary was Ͻ0.15%/min when the microsyringe in the isovolumic system was used to compensate for filtration. Figure 4A shows the system leak rates and filtration compensatory rates of femoral arteries of Wistar rats for the intact endothelium perfused with PSS-BSA (1% BSA). The system Fig. 2 . Sample recordings of pressure and diameter. A: pressure variation. When the compensatory rate was inadequate, pressure decreased. When the compensatory rate overshot, pressure increased. When the compensatory rate was equal to the filtration rate, pressure remained constant. The criteria were to maintain constant pressure for at least 2 min. B: diameter tracking showing constant diameter. leakage was much smaller than the compensatory rate of filtration of the rat femoral arteries. The smallest compensatory rate of the system used was 1.33 ϫ 10 Ϫ6 cm 3 /min. J v of water was determined as the difference of the compensatory rate and leakage rate and normalized by surface area of the vessel wall (J v /S). We evaluated L p of arteries in diameters between ϳ0.3 and ϳ5 mm and wall thickness from ϳ0.02 to 0.2 mm ( Table 1) . The general trends were that vessels with thinner walls possessed higher L p MA and vessels with larger diameters have lower L p E . Figure 4B shows the linear regression of J v /S and pressure of conduit arteries of different species and anatomic locations with an intact endothelium during perfusion with 1% BSA in PSS. The rat aorta had the least J v (smallest slope), while the rat mesenteric arteries were the leakiest (largest slope) for the set of arteries studied.
L p and L p MA were measured, and L p E was computed according to Eq. 5 (Table 1) . Generally, L p E was inversely related with vessel diameter such that smaller vessels were leakier than larger vessels. L p MA decreased with the increase in wall thickness consistent with a thicker wall, offering a greater resistance to filtration. Figure 5 shows the relation of J v /S and pressure of Wistar rat femoral arteries. The relationship was found to be linear (Fig.  5A) , consistent with the Starling relationship (Eq. 1), with a slope equal to L p for the vessel segment (Fig. 5B) . Figure 5 also demonstrates that L p increased after the removal of protein from the perfusate and that L p increased further after denudation. After removal of the endothelium, changes in vascular smooth muscle tone (contraction or relaxation) did not influence L p MA . Although vessel wall thickness may affect vessel wall L p , the wall thickness of femoral arteries of rats did not change significantly during vascular reactivity in the isovolumic state.
To evaluate whether an atherogenic risk factor, such as diabetes, is accompanied by changes in fluid exchange, the L p of femoral arteries from a rat model of diabetes was evaluated Fig. 4 . Evaluation of Jv using the isovolumic system. A: the leak rate of the isovolumic system and compensatory rate of femoral arteries of Wistar rats to maintain constant pressure while the endothelium was intact in PSS with 1% BSA. B: the relationship between the Jv of water per unit area (Jv/S) and pressures was linear in various arteries. }, Rat mesenteric artery; {, rat femoral artery; OE, swine right coronary artery (RCA); o, swine carotid artery; , rat aorta. ( Fig. 6) . As demonstrated in vessels from normal animals (Fig.  5A) , the relationship between J v /S and pressure remained linear (Fig. 6A) during perfusion with protein-containing PSS. L p of femoral arteries from ZDF rats, however, was significantly higher than that of the control group (P Ͻ 0.05). To determine whether the change in L p was simply a consequence of passive alteration of the anatomic structure of the vessels or a consequence of altered endothelial metabolism, L p was measured in vessels from both groups after inhibition of MLCK with ML-7 (10 Ϫ6 M) (51) . After MLCK inhibition, the L p of both ZDF and ZL femoral arteries did not changed significantly (P Ͼ 0.05), and the L p of ZDF arteries remained higher than that of arteries from ZL rats (P Ͻ 0.05). When BSA was removed from the perfusate, there was no significant change in L p of ZDF rats, whereas L p of the arteries from ZL rats increased. Once in protein-free conditions, the difference in L p between arteries of ZDF and ZL rats was abolished. After the endothelium was denuded in these vessels, the L p of both ZDF and ZL vessel walls (L p MA ) increased substantially (P Ͻ 0.05), and the lack of difference between vessels from ZDF and ZL rats persisted.
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DISCUSSION
We developed a new isovolumic technique to measure the L p of conduit arteries. We found that L p ranged between 3.5 and 22.1 ϫ 10 Ϫ7 cm·s Ϫ1 ·cmH 2 O Ϫ1 (ϳ7-180 mmHg) in vessels with diameters between 0.28 and 5.3 mm having wall thicknesses between 19 and 230 m. Using the approach that the barrier to J v of the conduit vessel is the sum of resistors in series and using approaches to remove each resistor, we found that L p E was similar to conduit arteries of different species (rat and pig; 4.1-7.5 ϫ 10 Ϫ7 cm·s
. L p E became significantly larger, however, with decreasing vessel size within a species (25.1 ϫ 10 Ϫ7 cm·s Ϫ1 ·cmH 2 O Ϫ1 in the rat mesenteric artery). L p MA was dictated largely by the wall thickness, where the thinner the wall, the larger L p MA . Given that vascular dysfunction (including loss of barrier function) is a feature of DM2, we used the new method to assess the hypothesis that exchange (as assessed from measures of L p ) in the conduit vessel wall is higher in vessels of DM2 relative to sex and age-matched controls. Indeed, we found that L p values of femoral arteries from an animal model of DM2 were approximately twofold higher (increased from 6.8 Ϯ 2.0 to 12.5
). Vascular ECs form a semipermeable barrier between blood and tissue to regulate the exchange of fluid, electrolytes, and proteins (3, 13, 15, 42, 51) . In the microvasculature, it is well established that endothelial barrier function depends on the glycocalyx at the EC-blood interface, cell-cell junctions (tight and adhesion junctions), and protein transport across the EC (2, 5, 8, 14, 16, 17, 20, 26, 39 -41, 48, 50, 52) . In microvessels, several studies have shown that L p of the endothelial barrier is highly related to glycocalyx structure and cell-cell junction integrity (2, 8, 16, 17, 20, 39, 41) . Dysfunction of this barrier is associated with multiple acute and chronic disease states, including inflammation, diabetes, traumatic or thermal injury, and tumorigenesis. In the microcirculation, endothelial barrier dysfunction results in tissue edema and organ dysfunction. Recent studies have verified that endothelial barrier dysfunction is also a risk factor for atherosclerosis, a condition that is known to occur primarily in conduit arteries and results in stenosis and possible distal ischemia. In the present study, we introduced and validated a novel method to evaluate endothelial barrier function in vessels ranging from microvessels to macrovessels.
In the 1920s, Landis (18) quantified the filtration of fluid from a single microvessel by measuring the movement of dye in capillaries from a microinjector using a microscope. In later years, additional methods were developed to quantify L p , including tracking the movement of markers such as red blood cells (24) , air bubbles (49), or a silicone oil drop (9, 45) . L p was computed from the change of volume, which was directly proportional to the velocity of the markers, i.e., the movement of markers is indicative of the J v of water across the vessel wall.
The principle behind the isovolumic method used in this work is that the pressure remains constant in a sealed container when temperature is constant. Any "leak" (filtration or system leaks) will result in a decrease of the pressure in isovolumic conditions and the compensation of an equivalent volume will prevent a decrease in the pressure, i.e., maintain constant pressure. Therefore, the compensatory volume rate to maintain constant pressure is equal to the filtration rate of the vessel plus the system leak rate. The systemic leak rate is too small to detect by the blue dextran used to find tiny branches or damage of blood vessel wall. We used an impermeable silicone tube instead of a blood vessel to measure system leakage. The compensatory volume rate, as in the marker movement methods, can be positive or negative to compensate for leak or absorption, respectively. In our isovolumic system, the J v of water across the blood vessel wall is the major source of the leak. The compensatory volume rate minus the system leak rate is equal to the J v of water across the vessel wall. The isovolumic method was also compared with the air bubble technique in capillaries as the gold standard to evaluate L p of the vessel wall (1, 7, 45, 49) . The two methods were in good agreement and can be used interchangeably (Fig. 3) . The isovolumic method is an alternative approach to using pressure instead of marker tracking, which is more accurate and lends itself to automation without the need for a microscope.
The isovolumic method eliminates the need for the measurement of a moving air bubble or other motion markers. Transluminal pressure directly indicates hydraulic filtration. The compensatory rate to maintain the pressure constant quantifies the hydraulic filtration. Therefore, the sensitivity of the isovolumic method depends on the precision of microsyringe volume compensation and pressure measurement. Currently, the determination of compensatory rate is done manually, which needs to be automated for future refinement of the system. Similar to other in vitro measurements of filtration, the leak from ligature is a concern for the isovolumic method. We used a standardized procedure for the connection of vessels to prevent the leak from ligatures. We used a Tygon tube directly connected with a blood vessel, since the Tygon tube possesses some elasticity to facilitate a better seal. We chose various Tygon tubes to match the respective diameters of blood vessels, e.g., a heatingpulling method was used to make a different tip diameter of the tubes from 0.25 to 5.2 mm. In addition, four ligatures were tied on each side of the vessel to minimize any possible leaks. In practice, the procedure is very reproducible for connection and reconnection.
Since the media and adventitia are relatively thin in microvessels (small resistance to J v ), the endothelial barrier is the major resistance of the J v of water. Since the media and adventitia of conduit arteries are much thicker (over 10-fold larger than microvessels), the resistance of media and adventitia to J v is not negligible in intact arteries, i.e., the media and adventitia also serve as barrier to prevent fluid flow across the vessel wall. Since the endothelium can be mechanically removed without major damage to the medial layer of a conduit artery (23) , the permeability of the media and adventitia of a denuded vessel can be evaluated accordingly. Therefore, L p E can be computed from Eq. 5. The denudation of ECs cannot exclude injury to the dorsal residual membrane of ECs on the basal membrane. Therefore, the residual membrane of ECs may affect the local permeability of the medial and adventitial layers. Other effects of the media-adventitia on permeability are potentially mediated by the vasoreactivity of vascular smooth muscle cells. Contraction or relaxation can change the dimension of the vessel (e.g., diameter and wall thickness) and the cytoskeletal structure of the smooth muscle cell, which may alter the L p of the media and adventitia. We measured L p MA at maximal vasoconstriction induced by 60 mM KCl and maximal vasodilation induced by Ca 2ϩ -free PSS in denuded vessels (Fig. 5) . We found that vasoreactive states did not significantly affect L p MA . Endothelial barrier function consists of two parts: the EC layer and the glycocalyx lining on ECs. The glycocalyx consists of a highly hydrated mesh of membrane-associated proteoglycans, glycosaminoglycans, glycoproteins, and glycolipids (35, 36, 39) and is a very dynamic structure. The endothelial glycocalyx contributes as much as 60% of the hydraulic resistance of the capillary wall (39) . The glycocalyx requires plasma proteins to maintain an optimal structure (13, 37) . The removal of plasma proteins from the vascular perfusate results in increased L p of the capillary wall (14, 16, 17) . The role of the microvascular endothelial glycocalyx on filtration has been recognized in such diseases as diabetes, atherosclerosis, ischemia-reperfusion, and inflammation (5, 10, 30 -33, 35, 48) . Recently, the endothelial glycocalyx was visualized in carotid arteries of mice using two-photon microscopy (25) . The functional role of the endothelial glycocalyx in conduit arteries (e.g., L p ) has been speculated as being similar to the microvasculature, and there are no direct data in large arteries. In the present study, we verified that the endothelial glycocalyx in femoral arteries of rats contributes over 50% to the L p of the endothelial barrier (Fig. 4) , which is consistent with the barrier function of water in capillaries. In a diabetic animal model, we found that the L p of a femoral artery increased about twofold (from 6.8 to 12.5 ϫ 10 Ϫ7 cm·s Ϫ1 ·cmH 2 O
Ϫ1
) in PSS-BSA but became similar (13.6 to 13.8 ϫ 10 Ϫ7 cm·s Ϫ1 ·cmH 2 O Ϫ1 ) in PSS, which suggests that the endothelial glycocalyx in diabetic rats failed to provide hydraulic resistance, as it does in normal controls (Fig. 5) . Treatment with protein-free perfusate (BSAfree PSS) provided neither specific nor quantitative assessment of glycocalyx components. Therefore, the barrier nature of the glycocalyx needs to be further studied using various enzymic digestions.
MLCK plays an important role in microvascular filtration by adjusting the adhesion junction of ECs. ML-7, a MLCK inhibitor, decreases filtration significantly by decreasing the gap of endothelial cell-cell adhesion junctions through interruption of the actomyosin contractile machinery (42, 51) . Although the role of endothelial cell-cell adhesion junctions on the filtration of solutes (e.g., fluorescence-marked albumin) has been recognized in the microvasculature, the effect of endothelial cell-cell adhesion junctions on the L p of conduit arteries was also significant, since measurements on the denuded endothelium showed a significant increase in the L p of a conduit artery (Fig.  6) . In femoral arteries of diabetic rats, L p was slightly, but not statistically, decreased under experimental conditions (Fig. 6) , which suggests that endothelial cell-cell adhesion junctions do not affect the endothelial L p of conduit arteries, in contrast to the microvasculature.
In summary, the L p of conduit arteries can be accurately and reproducibly measured using a new isovolumic method. This method is accurate, reproducible, and amenable to automation, as opposed to the particle-tracking method. The measurements showed that endothelial barrier filtration varies with diameter and wall thickness and is compromised in diabetic conduit arteries, likely, as the result of endothelial glycocalyx damage in hyperglycemia.
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